The potential performance of carbon nanotubes (CNTs) as springs for elastic energy storage is evaluated. Models are used to determine an upper bound on the energy density that can be stored in defect-free individual CNTs and in assemblies of such CNTs. The models reveal that optimal energy density may be achieved in small-diameter single-walled CNTs loaded in tension, with a maximum theoretical energy density for CNT groupings of 7.8 × 10 6 kJ m −3 . Millimeter-scale CNT springs are constructed using 3 mm tall forests of multi-walled CNTs as the starting material, and tensile tests are performed to measure the springs' stiffness, strength and elastic properties. The measured strain energy density of these continuous CNT fibers is comparable to the energy density of steel springs.
Introduction
A new approach to storing energy in carbon nanotubes (CNTs) is presented, along with its calculated performance and initial experimental results. In this approach, an ordered grouping of carbon nanotubes (CNTs) is used as a spring to store energy for later use, much as a steel spring stores energy in a mechanical watch. The CNT spring differs from a conventional steel spring in the exceptional material properties that its CNT composition offers. The mechanical properties of CNTs include a high effective Young's modulus of about 1 TPa and experimentally demonstrated elastic strains as high as 6% [1] , with theoretically predicted strains as high as 20% [2] in the absence of defects. Together, these properties offer the potential for elastic energy storage systems at energy densities that are three orders of magnitude higher than those of conventional steel springs, and indeed comparable to lithiumion batteries.
At the molecular scale, CNTs can function as mechanical springs that store a great deal of energy for their size due to their networks of strong carbon-carbon bonds. The challenge remains to build springs that store macroscopically significant amounts of energy in large arrays of nanotubes and recover the energy in a controlled fashion. Potential applications of these new springs include supplying energy to mechanical watches or to MEMS devices, particularly those that require energy in the mechanical domain. In this paper, we first present models of energy storage in CNTs to determine the theoretical upper bound on the elastic energy that may be stored in CNTs and the optimal mode of deformation for energy storage in CNTs.
Next, we summarize the results of experiments designed to examine the performance of CNT groupings as mechanical springs.
Energy storage modeling
The energy density that can be stored in a CNT under a load is estimated by treating a CNT as a hollow, cylindrical beam based on the continuum assumption [3] and assigning a thickness of 0.34 nm to each CNT shell. The commonly employed Young's modulus of 1 TPa is employed. For a CNT loaded in tension or compression, the energy density per unit volume is
where E is the Young's modulus, ε is the applied strain and k is a factor to account for the unfilled space at the center of a CNT ('fill factor') and/or the volume fraction of CNTs within groupings. In tension, the maximum strain that can be applied is limited only by the elastic limit. In compression, the maximum applied strain is limited by either the elastic limit or the buckling limit, whichever is reached first. In bending, the energy density of a CNT is
where r i and r o are the inner and outer radii of the continuum cylinder and ε is the strain at the outer surface of the cylinder. The maximum strain that can be applied is the strain at which either the elastic limit is reached or buckling occurs. Finally, in torsion the energy density in a CNT is
where G is the shear modulus, J = π 2
is the polar moment of inertia of the beam and M is the applied moment. The highest energy density is achieved by applying the maximum moment before reaching the elastic limit or the onset of buckling.
Analysis of equations (1)- (3) for single-walled (SWCNTs) and multi-walled CNTs (MWCNTs) with different diameters and number of shells reveals that in bending, compression and torsion, higher energy densities can be reached in SWCNTs than in MWCNTs because of their higher buckling strains [4] and greater radial stability [5] . In tension, SWCNTs are favored over MWCNTs because of the difficulty of grasping and loading MWCNT inner shells [6] .
The maximum strain energy density of SWCNTs is plotted as a function of diameter in figure 1 for four deformation modes.
The energy density in mechanically deformed SWCNTs is highest under tensile loading as long as elastic strains greater than 9% can be reached. With an applied tensile strain of 15% to a grouping of 1 nm diameter SWCNTs (k = 0.69), the achievable stored energy density is 7.8 × 10 6 kJ m −3 . This provides a reasonable upper bound on the energy that can be stored in groupings of CNTs. Assuming maximum elastic strains of 15%, the energy density in the CNT springs themselves is predicted to be three orders of magnitude greater than the maximum energy density of steel springs and eight times greater than the energy density of lithium-ion batteries.
Models were also generated of a more complete system, to represent a power source that includes not only a CNT spring but also hardware to hold the stretched spring in place prior to discharge and optionally control the rate of energy release from the spring [4, 7] . Figure 2 plots the predicted energy density of a system that includes a support structure and a spring, and shows a maximum achievable overall stored energy density that is comparable to lithium-ion batteries. Even once a support structure is considered, a spring made of CNTs stores energy with a density more than two orders of magnitude higher than a steel spring and on the same level as batteries.
Mechanical properties of continuous CNT fibers
Fibers of continuous CNTs were fabricated to study their mechanical properties and energy storage capabilities. These milliscale CNT springs were constructed from 3 mm tall 'forests' of MWCNTs ( figure 3(a) ), wherein the CNTs are aligned perpendicular to the substrate. Each spring was created by manually pulling off a small strand from the edge of a forest. The dimensions of the fibers were measured with a microscope to estimate their cross-sectional areas. Additional springs were created from 1.2 mm tall pillars with 200 μm by 200 μm cross-sections, grown using lithographically patterned catalyst film.
The CNT forests were grown by atmospheric pressure thermal CVD in a C 2 H 4 /H 2 environment at temperatures of 750-800
• C, as described previously [8, 9] . The growth substrate was a supported catalyst layer of 1/10 nm Fe/Al 2 O 3 deposited by electron beam evaporation on (1 0 0) Si wafers coated with 500 nm thermal SiO 2 . Both the pillars and forests are made of MWCNTs with an average of 4-5 walls and mean outer diameters of 10 nm. The areal density of the forests is 2-2.5 × 10 14 MWCNTs m −2 , corresponding to a mass density of 0.015-0.019 g cm −3 . A range of techniques were tested for creating compact, ordered, interacting groupings of CNTs from the starting forest material, including compaction by mechanical pressure and capillary-driven densification [10] . Mechanical compaction was performed by placing a fiber between two glass slides. Pressure was gently applied to the top slide, which was then moved relative to the bottom slide so that the fiber rolled and developed a compressed, circular cross-section. The densification factor, defined as the initial cross-sectional area divided by the final cross-sectional area, depended on the applied pressure and ranged between 5 and 16 for the mechanical method. Capillary-driven densification was achieved by placing a drop of solvent (hexane, toluene or benzene) onto a fiber. As the solvent evaporated, the CNTs were drawn together, and a reduction in the cross-sectional area by a factor of about 7 was observed. Pillars were used rather than fibers harvested from forests to calculate the densification factor because the dimensions of the pillars prior to densification were known with a greater degree of certainty.
The densification factor could not be accurately determined by weighing the fibers because of the small masses of the fibers, which were less than 1 μg. Both densification techniques resulted in densities still far below the upper limiting density, which is equal to the density of graphite multiplied by the hexagonal packing factor (0.91), multiplied by the 'fill factor' of the CNTs (0.76 for 1 nm SWCNTs). Following densification, the fibers were secured onto a thin cardboard frame using an epoxy ( figure 3(b) ). A sufficiently viscous epoxy was used so that the epoxy penetrated the fiber ends but did not wet the fiber along its length. The suspended length of the fibers between the grips ranged from 0.5 mm to 1.5 mm.
Tensile tests were used to evaluate the stiffness, strength and elastic properties of the fibers. Tests were performed on fibers with varying lengths, cross-sections and densification techniques. The tensile tests were performed using a MTS Nano Bionix Universal Testing System with a load cell of 0.5 N, a load resolution of 1 μN and an applied strain rate of 2 × 10 −3 s −1 . The fibers were loaded in tension until failure and the stress-strain curve was calculated. One can calculate stress assuming uniform loading across the entire area of the fiber ('fiber stress'), using the outer cross-sectional area of the densified fiber. Alternatively, one can calculate the stress in the CNTs ('CNT stress'), using the effective loading area of the CNT shells within the fibers. The fraction of the cross-sectional area of a fiber filled with shells is estimated based on the CNT forest density of 2 × 10 14 CNTs m −2 . If the forest is assumed to be filled uniformly with 10 nm diameter MWCNTs with four shells each, and each shell is assigned a thickness of 0.34 nm, then CNT shells constitute 0.77% of the cross-sectional area of a fiber prior to its densification. Alternatively, if the assumption is made that only the outer MWCNT shell carries a load, then the outer shell occupies 0.21% of the area of a fiber prior to its densification. In practice, fibers are typically evaluated on the basis of their mechanical properties per unit weight for a given fiber length. The most relevant metric in this case is therefore the metric that takes into account all of the CNT material but none of the empty space. Similar information may also be captured through a performance per unit weight assessment.
A typical stress-strain curve is shown in figure 4 , exhibiting a linear relation between stress and strain. Other loading curves displayed nonlinear stress-strain responses, with dips in the supported load during the test ( figure 5 ). These responses suggest that uneven domain loading may be taking place in some of the fibers. The maximum strength and stiffness of the fibers obtained to date are 70 MPa and 1.7 GPa, and the maximum measured strength and stiffness just considering the CNT area obtained to date are 1.6 GPa and 45 GPa, respectively. If it is assumed that only the outer shell of each MWCNT supports the load; the highest strength and stiffness just considering the CNT area become 2.8 GPa and 89 GPa respectively. The strain at failure for the fibers was variable and ranged between 1% and 20%. Failure of the fibers tends to occur as a single unit, with the fracture zone tending to be a clean cut across the fiber (figure 6); this indicates that interactions between CNTs play a significant role in the loading and failure characteristics of the fibers. Data for fiber strength and CNT strength are plotted as a function of an uncompressed fiber cross-sectional area in figure 7 . Spread in the strength and stiffness data can be attributed to fiber and testing nonidealities, such as uneven loading, though uncertainties in the density of the forests and cross-sectional areas of the fibers may also be contributing factors. Given the scatter in the data, the most important conclusion comes from examining the outer envelope of the data, where the most ideal results are found. This outer envelope reveals that higher strengths were measured in smaller fibers. The same trend was observed between effective modulus and area, with the highest fiber and CNT effective moduli measured in fibers with the smallest crosssectional areas. These results may be an additional indication of domain loading within the fibers, which would concentrate the load on particular regions within the fiber and produce lower than expected failure loads. This would result in higher fiber strength and stiffness, as well as more accurate CNT strength and stiffness, being recorded in smaller fibers, where uniform loading is more likely. Uneven loading may be the result of the epoxy grips or non-uniformities in the fibers due to the densification process.
Cyclic loading tests ( figure 8 ) performed on the fibers provide additional insight into the mechanisms taking place within the fiber during tensile loading. The loading behavior changes after the first loading cycle but remains consistent following the second cycle. These subsequent load-unload curves display an increased modulus, once slack has been removed, as well as hysteretic behavior. This presumably arises because the CNTs grown in the forests are not perfectly straight and aligned ( figure 9 ). The first loading cycle loads the fiber while taking up the slack, while subsequent loading cycles simply load the fiber once the slack has been removed. These results indicate considerable disorder at the micro/nanoscale. Hence, there is opportunity for improving fiber performance by establishing uniform loading and improving the alignment of the CNTs within the forest. Further, it is possible that a fraction of the CNTs, e.g. those that are best aligned with the loading axis, preferentially carry the load and therefore are under the highest stress.
The strain energy density stored in a fiber under a load is
This energy density calculation is applied only to loading cycles after an initial load-unload cycle (corresponding to 1μm 1μm (a) ( b) Figure 9 . Surface of (a) an undensified fiber and (b) a fiber densified using toluene.
cycles 2 through 5 in figure 8 ) once the slack in the fiber is taken up. The maximum recoverable energy recorded to date in the fibers is 200 kJ m −3 or 5 kJ kg −1 . The energy density of mechanical springs made of steel is 1080 kJ m −3 [11] or 0.14 kJ kg −1 . A comparison of these energy densities indicates that the volumetric energy density of these CNT fibers is five times less than that of steel springs, and the gravimetric energy density of these CNT fibers is more than ten times greater than that of steel springs. The volumetric energy density remains three orders of magnitude lower than the theoretically predicted maximum energy density for CNT springs in part because of the empty space remaining within these partially densified springs, and provides a lower bound on what could be achieved in more advanced implementations of CNT springs.
Conclusion
Models of CNTs under a mechanical load show that the theoretical upper limit on energy density that can be reached in CNTs employed as springs can match the energy density of electrochemical batteries, even once additional hardware such as a support structure is taken into consideration. This result has motivated the fabrication of CNT fibers to serve as mechanical springs.
The current work on fibers demonstrates that building fibers with excellent mechanical properties using forests as a starting material show significant potential. Given that the forests used here are made of lower quality MWCNTs, the strength and stiffness of the fibers compare well to the properties of state of the art CNT fibers made by drawing CNTs from a CVD furnace [12] .
Additional work is still needed to increase the strength and stiffness of these fibers. In particular, improved densification techniques are necessary to create higher density fibers that are able to support loads uniformly. Techniques to straighten the CNTs and improve the internal organization within the forests are still needed to produce fibers that exhibit elastic behavior and can act as elastic springs. The current energy density that was stored and subsequently released from this first generation of fibers already exceeds the energy density per unit mass of steel springs, but still remains three orders of magnitude below the maximum predicted theoretical energy density per unit volume of CNT springs. The ability to fabricate CNT microstructures using conventional lithography and CVD, followed by means of densification, could enable use of CNT assemblies as springs in future MEMS devices.
